By Donald E. White1 , E.T. Baker, Jr. 1 , and Roger Sperka2
Abstract
The availability of fresh ground water in El Paso and adjacent areas that is needed to meet increased demand for water supply concerns local, State, and Federal agencies. The Hueco bolson is the principal aquifer in the El Paso area. Starting in the early 1900s and continuing to the 1950s, most of the municipal and industrial water supply in El Paso was pumped from the Hueco bolson aquifer from wells in and near the Rio Grande Valley and the international border. The Rio Grande is the principal surface-water feature in the El Paso area, and a major source of recharge to the shallow aquifer (Rio Grande alluvium) within the study area is leakage of flow from the Rio Grande.
The shallow aquifer and the underlying Hueco bolson aquifer are in general hydrologic connection, but wells that penetrate these aquifers have different water levels and water quality. The configuration (slope) of the predevelopment (pre-1903) water table indicates that ground water in the Hueco bolson flowed south from the Texas-New Mexico State line toward the El Paso Valley and the Rio Grande. There the water moved upward from the Hueco bolson fill through the alluvium and discharged as seepage at the land surface or through evapotranspiration on the river flood plain. Subsequent (post-January 1903) development of the Hueco bolson has caused water levels to decline in both the bolson aquifer and the shallow aquifer, and these declines have reversed the original vertical hydraulic gradient and now cause vertical leak-1 Hydrologist, U.S. Geological Survey. 2 Geologist, El Paso Water Utilities-Public Service Board. age downward. Water-level declines in the shallow aquifer have in turn induced increasing amounts of leakage from the Rio Grande and from irrigation canals.
The reversal from upward to downward in vertical hydraulic gradient between the Rio Grande alluvium and the underlying Hueco bolson aquifer has induced shallow water in the alluvium to move downward into the deeper aquifer. The introduction of water from the alluvium probably has led to a gradual water-quality deterioration of ground water in the Hueco bolson aquifer. The extent of any deterioration is a major concern because the dissolved solids concentration in water from some wells is approaching 1,000 milligrams per liter and already has exceeded this limit in other wells.
INTRODUCTION
The El Paso area, which includes the city of El Paso, Fort Bliss Military Reservation-Biggs Army Airfield, and Ciudad Juarez, Chihuahua, Mexico, is located in the far western tip of Texas ( fig. 1 ). Starting in the early 1900s and continuing to the 1950s, most of the municipal and industrial water supply in El Paso was pumped from wells completed in the Hueco bolson aquifer in and near the Rio Grande Valley and the international border. This area has been referred to as the "artesian" or "El Paso Valley" part of the Hueco bolson in Gates and Stanley (1976, p. In 1989, the U.S. Geological Survey (USGS), in cooperation with the El Paso Water Utilities-Public Service Board (EPWU), began a study to evaluate the hydrology of the El Paso Valley area. Specifically, the study was done to characterize the hydrology of the shallow aquifer and the uppermost semiconfined part of the Hueco bolson aquifer including the water quality of these aquifers and of the Rio Grande and Franklin Canal.
Purpose and Scope
This report discusses the hydrology (emphasis on ground water, surface water, and water quality, including some aspects of leakage) of the shallow aquifer and the uppermost semiconfined part of the Hueco bolson aquifer in and near the El Paso Valley. Most of the discussion in this report pertains to the El Paso Valley study area as shown on plate 1 and figure 1, although some data and observations from Ciudad Juarez and from the Hueco bolson north of the El Paso Valley are included to represent hydrologic conditions, well locations, well fields, and water use in those areas. Much of the discussion in this report references information from two previous reports (White, 1983; Land and Armstrong, 1985) .
Well-Numbering System
Water wells and test holes in Texas included in this report have been assigned a permanent State well number. The well numbers are part of a statewide wellnumbering system used by the Texas Water Development Board. This system is based on the division of the State into quadrangles formed by degrees of latitude and longitude and the repeated division of these quadrangles into smaller ones as shown in figure 2. The twoletter prefix of each State well number designates the county in which the well is located. El Paso County is indicated by the prefix "JL." On plate 1, the first four digits of the Texas well numbers are shown in each 7-1/2 minute quadrangle, and the last three digits are shown adjacent to each well symbol.
Wells in Ciudad Juarez are identified by their Junta Municipal de Aguas y Saneamiento (JMAS) number. Locations of selected wells and well fields within the study area in El Paso and Ciudad Juarez are shown on plate 1.
HYDROGEOLOGIC SETTING
The Hueco bolson and the El Paso Valley are the two major hydrogeologic features in the study area ( fig. 1 ). The Hueco bolson occurs throughout the nonmountainous areas north and east of El Paso. The El Paso Valley borders the Rio Grande and contains alluvial deposits that overlie the Hueco bolson fill. More detailed descriptions of the geology and hydrology of the El Paso area are in the partial list of reports included in the "Selected References" section of this report.
The Hueco bolson ( fig. 1 ) is a downthrown basin between the Franklin Mountains on the west and the Hueco Mountains located about 10 miles (mi) east of the study area (White, 1983, fig. 1 ). The basin forms a V-shaped bedrock trough (Cliett, 1969) . The lowest part of the trough is near and approximately parallel to the Franklin Mountains. The basin was formed when tectonic forces caused sporadic faulting that resulted in uplifting of the Franklin Mountains, and of the Hueco Mountains to a lesser extent, and tilting of the basin floor toward the Franklin Mountains. The basin then was filled with alluvial material eroded from highlands in New Mexico, Texas, and Mexico (Cliett, 1969) . The total vertical movement along the faulting between the Franklin Mountains and the bolson is not known, but subsurface data indicate that movement was greater than 9,000 feet (ft) (Davis and Leggat, 1967, p. 8) . The pediment at the eastern edge of the Franklin Mountains is covered with an apron of alluvial material, so the precise locations of the fault scarps that mark the sites of the faults are not known.
The bolson deposits are composed of fluvial and lacustrine material that was eroded from adjacent mountains. The material was deposited as lenses of gravel, sand, silt, and clay. Many of the lenses are predominantly sand, silt, or clay, but others are poorly sorted and contain a secondary lithology. For example, a sand lens could contain enough clay to be described as a clayey sand; or a clay lens could contain enough sand or silt to be described as a sandy clay or a silty clay.
At some time after the Hueco bolson aggraded to its present level, the Rio Grande breached the gap between the southern end of the Franklin Mountains and the adjacent mountains in Mexico. Southeast of the gap at the southern end of the Franklin Mountains, the Rio Grande eroded a valley (Rio Grande Valley, fig. 1 ) in the bolson deposits that locally is known as the El Paso Valley on the northern side of the river in the United States and as the Juarez Valley on the southern side of the river in Mexico (pi. 1; fig. 1 the Rio Grande Valley is 200 to 250 ft lower than the surface of the Hueco bolson on the uplands adjacent to the valley. The Rio Grande has deposited alluvium as much as 200-ft thick in the valley, according to Davis (1967, p. 5) . The valley ranges in width from less than 1 mi at the gap to greater than 5 mi southeast of the gap. The Rio Grande alluvium and underlying bolson deposits commonly have not been differentiated because of the similarity in the visual characteristics of the two deposits; thus, the base of the alluvial deposits can only be approximated. Because of hydraulic-head and water-quality differences, however, two aquifers have been designated the shallow aquifer and the Hueco bolson aquifer. The shallow aquifer generally coincides with the Rio Grande alluvium in the El Paso and Juarez Valleys but also includes some of the underlying shallow saturated deposits of bolson fill that normally contain brackish water in and near the El Paso Valley.
The Rio Grande is the principal surface-water feature in the study area. Water is diverted from the river for irrigation of cropland in the El Paso and Juarez Valleys and for municipal supply in the city of El Paso. The water is diverted at the American, International, and Riverside (diversion) Dams via the American and Franklin Canals (canals merge south of downtown El Paso) and Riverside Canal in the El Paso Valley and via the Acequia Madre Canal (route not shown) in the Juarez Valley (pi. 1).
Recharge, movement, and discharge of ground water in the shallow aquifer (Rio Grande alluvial aquifer) and in the Hueco bolson aquifer are interrelated. Prior to the development of ground water in the early 1900s, recharge to the shallow aquifer was by vertical upward movement of ground water in the underlying Hueco bolson aquifer, which was under a higher hydraulic head than the shallow aquifer. The Hueco bolson aquifer was, in turn, recharged principally by precipitation and runoff along the flanks of the mountains bordering the aquifer outcrop. Ground water originally was discharged from the shallow aquifer by a continuation of the upward movement of the water and eventual seepage and flow into the Rio Grande as well as by evapotranspiration on and near the aquifer outcrop in the El Paso Valley (Sayre and Livingston, 1945, p. 61) .
Subsequently, large-scale development of ground water reversed much of the movement directions. Reducing the hydraulic pressure in the Hueco bolson aquifer by pumping lowered the hydraulic heads below that of the shallow aquifer and caused ground water in the shallow aquifer to move vertically downward (a discharge of water) into the underlying Hueco bolson aquifer (a recharge of water). The Rio Grande thus became a source of recharge to the shallow aquifer over which the river flows (Sayre and Livingston, 1945, p. 67, 69, 73) . Downward movement of mostly slightly saline water from the shallow aquifer has been a source of substantial recharge to the Hueco bolson since the 1940s. The main source of freshwater recharge to the Hueco bolson aquifer currently (1993) remains the inflow of precipitation and runoff along and near the intersection of the adjacent mountains with the aquifer outcrop. A smaller increment of recharge is by infiltration of precipitation and deep percolation of farm and lawn irrigation water on the outcrop of the Hueco bolson aquifer. Because the heavily pumped zone in the Hueco bolson aquifer has lower pressure than surrounding zones, an upward movement of water within the deeper parts of the aquifer (below the screen settings in the production wells) recharges the heavily pumped zone from below. Unfortunately, this relatively small increment of water is more saline than the water above that is pumped by wells.
GROUND WATER
Ground water is the principal source of municipal, industrial, and military supply in the El Paso area. The two aquifers in the study area, the shallow aquifer and the Hueco bolson aquifer, are in general hydrologic connection but wells that penetrate these aquifers have different water levels and water quality. A discussion of the hydrologic principles of recharge, movement, and discharge of ground water in the shallow aquifer and in the Hueco bolson aquifer is in the following sections of the report.
Shallow Aquifer
The shallow aquifer includes the saturated deposits in the Rio Grande alluvium and the saturated uppermost section of Hueco bolson fill in and near the El Paso Valley. The aquifer supplies only small quantities of water in the study area, primarily because of limited well yields and dissolved solids concentrations that generally exceed 1,000 milligrams per liter (mg/L). The shallow aquifer is separated from freshwater in the Hueco bolson aquifer by a zone of relatively low permeability that contains mostly slightly to moderately saline water (Gates and others, 1978, p. 94) . This zone functions as a semiconfining unit and averages about 300 ft in thickness. The water levels in the shallow aquifer are higher than water levels in the underlying freshwater section of the Hueco bolson aquifer, which is heavily pumped.
During recent years, water production from the shallow aquifer within the study area has been restricted to wells at Evergreen Cemetery and at Ascarate Park Golf Course and Lake (pi. 1). Pumpage from these wells was estimated to total 820 acre-feet (acre-ft) in 1988 on the basis of power-discharge tests and powerconsumption records.
The direction and rate of flow in the shallow aquifer has changed substantially since the early 1900s (White, 1983, p. 33 During 1936, ground-water flow generally was down the valley but also toward wells and irrigation drains. Depths to water generally were 5 to 10 ft below land surface. At that time sump pumps were used to drain some of the basements in downtown El Paso.
Water levels in the shallow aquifer declined as much as 20 ft from 1936 to 1967. The declines are attributed to urbanization of the valley, which paved over much of the formerly irrigated fields and drainage areas, and to the increased pumpage and declining heads in the underlying bolson deposits inducing downward leakage from the alluvium. The rate of water-level declines in the shallow aquifer accelerated after the river was lined from downtown El Paso through the Chamizal zone in 1968 (White, 1983, p. 33) . Water levels declined as much as 80 ft from 1967 to 1980 ( fig. 3) . However, part of the increase in the rate of declines can be attributed to a general increase in withdrawals from the Hueco bolson aquifer in El Paso and to a marked increase in withdrawals in Ciudad Juarez ( fig. 4 ; table 1 at end of report). From July 1967 to December 1990-January 1991, water levels in wells in the shallow aquifer declined about 15 to 20 ft near the downstream end of the lined section of the river and about 80 ft in downtown El Paso (pi. 2; fig. 3 ). In the downtown area, the water level in observation well The configuration (slope) of the December 1990-January 1991 water-level contours on plate 2 indicates that ground-water flow in the shallow aquifer in the eastern part of the El Paso Valley is northeasterly away from the river. Additionally, ground-water flow near the downstream end of the lined section of the Rio Grande is to the north and west, also away from the river, toward discharge centers of pumping from Hueco bolson wells. The directions of ground-water flow indicate that in most of the study area, the Rio Grande throughout much of its unlined course is now a major source of recharge to the shallow aquifer rather than one of discharge of ground water by seepage outflow to the river and by evapotranspiration, as was the case in the early 1900s (White, 1983, p. 37) . Recharge to the shallow aquifer in the early 1900s was from the underlying Hueco bolson aquifer by upward flow of water. Recharge of freshwater to the Hueco bolson aquifer mainly occurs along the mountains bordering the bolson and, at times, locally along the Rio Grande by downward leakage of some of the flow in the river (Gates and others, 1980, p. 93) . Before the Rio Grande cut through the bolson and became the drain for the Hueco bolson aquifer, ground water probably flowed to depressions or lakes in the lowest parts of the bolson where it discharged through evapotranspiration. After the river cut through the bolson, the flood plain served as the discharge zone. On the basis of digital-model studies, Meyer (1976, p. 18 ) estimated that the annual recharge around the western boundary of the bolson, including the Sierra de Juarez in Mexico and the Organ Mountains in New Mexico, was about 5,640 acre-feet per year (acre-ft/yr). Starting in the 1940s a larger increment of recharge to the Hueco bolson aquifer has been leakage from the overlying shallow aquifer by downward movement of ground water in the El Paso Valley (Meyer, 1976, table 1) .
Hueco Bolson Aquifer
Ground water in the Hueco bolson aquifer currently (1993) flows from the areas of recharge to the many wells that discharge the water. The rate of movement is slow, normally less than 1 foot per day (ft/d) or a few hundred feet per year and is controlled by the ability of the aquifer to transmit water (hydraulic conductivity) and by the slope (gradient) of the water table (White, 1983, p. 30) .
Water-level contours are shown on plate 3 for 1903 and December 1990-January 1991 in the central part of the Hueco bolson in the United States. The 1903 (predevelopment) contours were drawn from early water-level measurements, which were adjusted for estimated changes before the date of measurement, and from steady-state digital-model simulations by Meyer (1976) . The water-level profiles for the two time periods are shown in a north-south section through the study area on plate 4. Plate 1 shows the location of the section.
Before and during the early 1900s, ground water in the Hueco bolson aquifer flowed south from the Texas-New Mexico State line (16 mi north of downtown El Paso) and east to southeast from the Sierra de Juarez. The general direction of movement was toward the Rio Grande Valley. There, the water moved upward through the shallow alluvium and discharged as seepage or through evapotranspiration (White, 1983, p. 33) .
The historical (1903-92) withdrawals of ground water from the Hueco bolson aquifer in the study area, totaling 395,411,073 thousand gal (about 1.21 million acre-feet (Macre-ft)) in El Paso and Fort Bliss and 397,980,455 thousand gal (about 1.22 Macre-ft) in Ciudad Juarez, have caused large water-level declines. These declines substantially have changed the direction and rate of ground-water flow, and currently (1993), most of the flow is toward centers of pumping such as the Chamizal zone along the Rio Grande and international border where water levels declined about 167 ft from 1903 to December 22,1992 (EPWU well 14A, table 3 at end of report).
The historical records of water levels and waterlevel declines in the Hueco bolson aquifer within the study area are listed in table 4 (at end of report).
The depths to water in the 32 wells in the well fields listed in table 4 ranged from 37.26 to 352.10 ft below land surface during December 1992-January 1993. The 1903 to December 1992-January 1993 declines for individual wells ranged from about 19 to 167 ft. The maximum decline was in EPWU well 14A . Well locations are shown on plate 1. Table 5 (at end of report) lists the rates of waterlevel decline in 24 Hueco bolson aquifer production wells. The rates were computed from linear statistical analyses (El Paso Water Utilities-Public Service Board, written commun., 1996) and from linear graphical approximations on well hydrographs. The hydrographs of four wells (JL-^9-13-702, 710, 804, and 909) were selected as representative of the 24 wells and are shown in figure 5. The rates of decline shown by the graphical approximations ranged from 3.2 to 5.0 feet per year (ft/yr). Rates of decline in all 24 wells ranged from 2.2 to 6.1 ft/yr (graphical estimates, table 5). The average rate of decline in the 24 wells is about 3.0 ft/yr based on both methods. 
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Leakage Between Aquifers
The shallow aquifer and Hueco bolson aquifer are hydraulically connected by a semiconfining unit that separates the aquifers. Declines in water levels in deep wells since predevelopment conditions in 1903 have reversed the 1903 vertical gradient, which was upward from deep to shallow, to downward from shallow to deep. This reversal has caused water levels in shallow wells to decline about 100 ft (April 1936 to December 1990 -January 1991 in the downtown El PasoChamizal National Park area (pi. 2; fig. 3 ) through vertical leakage. Also pumping of water from shallow wells in this area possibly caused part of the decline (Sayre and Livingston, 1945, p. 55-56 The amount of ground water contributed to the Hueco bolson aquifer by leakage from the shallow aquifer is essentially the sum of the amount of leakage from the Rio Grande and the amount removed from storage in the shallow aquifer. The data show that the Rio Grande was a gaining stream until the mid 1930s, after which the river began to lose water at a rate that increased for each given time period until 1968, when a part of the Rio Grande channel was lined with concrete. In the following 5-year period , the annual leakage averaged 12,800 acre-ft as compared to an annual average of 19,200 acre-ft in the preceding 5-year period 
Flow in the Rio Grande and Franklin Canal
During 1943-91, flow in the Rio Grande at El Paso ranged from a low of about 57,500 acre-ft in 1956, during a period of severe drought, to about 1,080,000 acre-ft in 1987 ( fig. 6 ; table 6 at end of report), during a period of large runoff. Flow in the Franklin Canal during 1943-91 ( fig. 6 ; table 6) ranged from a low of about 36,100 acre-ft in 1956 to a high of about 173,000 acreft in 1943.
Leakage to the Shallow Aquifer
A major source of recharge to the shallow aquifer within the study area is leakage of flow from the Rio Grande in the unlined sections of the river. Land and Armstrong (1985, p. 11-21) estimated leakage losses from the river between the El Paso narrows to the Riverside Dam.
A water budget for the Rio Grande between the El Paso narrows to the Riverside Dam during 1959-83 is listed in table 7 (at end of report). Data for inflow to the system and net loss from the system are shown in figure 7. The 25-year average inflow and net loss from the system were 317,000 and 20,100 acre-ft, respectively.
Land and Armstrong (1985, p. 11) cited a second water-budget study that was made by the International Boundary and Water Commission for the 9.3-mi reach downstream from the concrete-lined section in the Chamizal zone to the Riverside Dam ( fig. 1) . The results of the study (International Boundary and Water Commission, written commun., 1984) The last year of record for streamflow-gaging stations located between the concrete-lined section of the Rio Grande and Riverside Dam was 1983. The Commission estimated that there was about 620 acre-ft/yr of unmeasured diversions to the irrigated lands along the river in Mexico, and that about 884 acre-ft/yr of water evaporated. The average loss of 31,900 acre-ft/yr for 1981-83 was 14.5 percent of the average upstream inflow. The losses exceed the average 1981-83 net loss from the system (table 7) by about 7,900 acre-ft/yr and also exceed the previously cited Meyer (1976) simulated 1973-91 average loss by 10,800 acre-ft/yr. Land and Armstrong (1985, p. 21) evaluated the two water-budget studies and concluded:
Based on the two data sets and the above discussion, a reasonable estimate of the recent leakage [seepage] from the Rio Grande to the aquifer system is an average 31,900 of the 1981-83 International Boundary and Water Commission data 31,000 acrefeet per year of streamflow loss less 620 and 884 acre-feet per year to unmeasured diversions and evaporation, respectively, for an average leakage loss of about 30,000 acrefeet of water per year. Using the long-term Bureau of Reclamation data for trends as
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shown in figure 9 [fig. 7 in this report] , the leakage to the aquifer system is projected back to about 15,000 acre-feet in 1968 when the existing lining of the river was completed. Thus, the leakage may have been increasing at about an average of 1,000 acre-feet per year since 1968. No estimates are made prior to 1968.
There is good agreement between rates of pumping from the Hueco bolson aquifer and the estimated average leakage loss cited above. Pumpage from the Hueco bolson aquifer in the Rio Grande Valley and adjacent areas increased from 11,389,623 thousand gal (about 35,000 acre-ft) in 1968 to 20,736,165 thousand gal (about 63,600 acre-ft) in 1982 and was 28,054,647 thousand gal (about 86,100 acre-ft) in 1992 (table 1) . The ratio of estimated 1968 leakage (15,000 acre-ft) to 1968 pumpage is 0.43, and the ratio of estimated 1982 leakage (30,000 acre-ft) to 1982 pumpage is 0.47. If the average of these two ratios (about 0.45) is extended to the 1992 pumpage, the estimated leakage from the Rio Grande in that year would be about 39,000 acre-ft. This rate is an average of about 4,200 acre-feet per mile (acre-ft/mi) of leakage for the unlined 9.3-mi river reach extending downstream from the end of the concretelined section to Riverside Dam.
The shallow aquifer also is recharged by leakage from the Franklin Canal. Streamflow-loss data for a 5.25-mi unlined section of the canal from a Bureau of Reclamation survey during January-April 1984 (Land and Armstrong, 1985, table 3) are listed in table 8 (at end of report). The losses were measured between the Bureau of Reclamation streamflow-gaging station in the concrete-lined section of the Franklin Canal and a temporary gaging station which was located 6.47 mi downstream, near the Ascarate wasteway heading (fig. 8) .
The 1984 measurements showed losses ranging from 0.5 to 18.2 cubic feet per second (ft3/s) ( Flow in the Franklin Canal averaged about 94,400 acre-ft/yr during 1987-91, the last 5 years of record listed in table 6. Leakage and evaporation losses from the canal between the end of the lined section and the Ascarate wasteway heading were estimated during the current study to average about 9,300 and 160 acreft/yr, respectively, for those years for a total loss of about 9,460 acre-ft or about 10 percent of the annual upstream flow.
The combined leakage losses from the Rio Grande and Franklin Canal currently (1993) could be as much as about 48,000 acre-ft/yr. Part of the leakage likely is intercepted by drains in the southeastern part of the study area where the shallow water table is still above the bottom of the drains. This includes a deep drain adjacent to the Rio Grande in Mexico.
WATER QUALITY
Concentrations of dissolved solids are a major limiting factor in the use of water in the El Paso area (Alvarez and Buckner, 1980) . The following general classification of water is based on concentrations of dissolved solids (Winslow and Kister, 1956, p. 5) .
Description
Dissolved solids concentration (mg/L)
Fresh Slightly saline Moderately saline Very saline Brine less than 1,000 1,000-3,000 3,000-10,000 10,000-35,000 greater than 35,000
The source, significance, and concentration range of dissolved mineral constituents and properties of water from wells in the El Paso area were summarized by Alvarez and Buckner (1980) . Discussion of water quality in this report focuses on dissolved solids concentrations and changes in concentrations within the study area.
Rio Grande and Franklin Canal
Streamflow data for the Rio Grande at El Paso have been published in annual bulletins of the International Boundary and Water Commission, United States and Mexico (1943-91) (White, 1983, p. 68) . Return flows from drains and sewage outfalls contribute most of the low flow in the Rio Grande at El Paso, which accounts for the wide range in dissolved solids concentrations (table 6 ). In general, the dissolved solids concentrations are highest during periods of low flow and are lowest during periods of high flow when water is released from upstream storage (White, 1983, p. 68) . Table 10 
Shallow Aquifer
The quality of water in the shallow aquifer is variable and, within certain depths and areas, generally is not suitable for domestic or public supply because of the large concentrations of dissolved solids or of individual chemical constituents. Alvarez and Buckner (1980, figs. 12 and 13) indicate that water in the upper 100 ft of the aquifer is fresh only in a few small areas but mostly is slightly to moderately saline. Furthermore, the quality of the water deteriorates with depth to about 200 ft.
Water samples were collected from 10 wells in the shallow aquifer during 1989 ( fig. 9 ). Dissolved solids concentrations measured during 1989 ranged from 749 to 3,920 mg/L and averaged 2,145 mg/L (table 11 at end of report). Only one well produced water with less than 1,000 mg/L dissolved solids. This well is near the corner of Charles and Seventh Streets (site 10, fig.  9 ; table 11) next to unlined sections of the Franklin Canal and Rio Grande (pi. 1).
Water quality in the shallow aquifer can be degraded by surficial contamination. Four of the 10 wells in table 11 (sites 4, 7, 8, and 9) were drilled to monitor possible migration of surficial pollutants to the water table. Water samples from one well near the corner of Martinez and Rosa Streets (site 3, fig. 9 ; table 11) had a large increase in dissolved solids concentrations from 1,700 mg/L (June 3,1976) to 3,520 mg/L (June 20,1989) and a very large concentration (48.0 mg/L) of dissolved nitrite plus nitrate as nitrogen in the June 20, 1989, sample. This well is in a low area subject to flooding and is near an urban flood-control structure and a cemetery. The source of the high dissolved solids and nitrogen concentrations in the 1989 sample has not been determined but is thought to be local.
Hueco Bolson Aquifer
The quality of water pumped from Hueco bolson wells within the study area ranges from fresh to slightly saline. Dissolved solids concentrations in water samples from most of the production wells have increased from when the wells were first put into production. Tabulations of chemical analyses of samples from 40 wells within the study area were made by EPWU. The average and range of dissolved solids concentrations for early The average dissolved solids concentration in samples from the 40 wells has increased about 50 percent. Water from 13 of the wells sampled during 1992-93 had dissolved solids concentrations that exceed 1,000 mg/L, the limit of freshwater. Water from some The water quality of the producing zones of the Hueco bolson aquifer, in all probability, is being affected by the inflow of inferior-quality water from the overlying shallow aquifer as well as from the deeper parts of the Hueco bolson aquifer. The increase in dissolved solids concentrations in water from Hueco bolson production wells within the study area probably is attributable mainly to vertical (downward) leakage of slightly to moderately saline water from the shallow aquifer above the freshwater section to the bolson aquifer. For example, the average salinity of the water sampled from 10 wells in the shallow aquifer during WATER QUALITY 1989 (table 11) normally is much higher than the average salinity of the water in production wells in the underlying Hueco bolson aquifer. Additionally, the water quality of the Hueco bolson aquifer likely is being degraded in some areas by vertical (upward) movement of saline water below the freshwater in the bolson aquifer. Plate 4 shows the position of mostly slightly saline water in the bolson aquifer just below the lowermost slotted or screened intervals in several of the wells operated by EPWU. The historical withdrawals of fresh ground water from the Hueco bolson have caused water levels to decline about 167 ft as indicated in a bolson well near the Chamizal zone bordering the Rio Grande and international border. The water-level declines have induced slightly to moderately saline water to leak downward from the overlying shallow aquifer. The leakage, in all probability, has increased the salinity of the water pumped from production wells in the Hueco bolson aquifer and increased the rate of leakage from the Rio Grande to the shallow aquifer. Additionally, the water quality of the production zones of the Hueco bolson aquifer likely is being degraded in some areas by vertical (upward) leakage of saline water from the deeper parts of the bolson aquifer.
SUMMARY
Dissolved solids concentrations in early (1939-85) samples from 40 wells averaged 587 mg/L. In recent (1992-93) samples from these wells, the average concentration is 883 mg/L. Dissolved solids concentrations in samples from 13 wells exceed 1,000 mg/L, the upper limit for freshwater. Dissolved solids concentrations in samples from 16 wells had increases between 1939-85 and 1990-91 that ranged from 2.1 to 125 (mg/L)/yr and averaged 39.9 (mg/L)/yr. 1903 1904 1905 1906 1907 1908 1909 1910 1911 1912 1913 1914 1915 1916 1917 1918 1919 1920 1921 1922 1923 1924 1925 1926 1927 1928 1929 1930 1931 1932 1933 1934 1935 1936 1937 1938 Municipal 871,686 3,115,926 3,284,959 3,559,475 3,539,287 3,568,430 4,396,001 4,050,412 3,698,328 3,985,251 3,888,063 3,557,643 3,804,244 4,159,308 3,500,454 Total 1939 1940 1941 1942 1943 1944 1945 1946 1947 1948 1949 1950 1951 1952 1953 1954 1955 1956 1957 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 902,156 4,676,292 4,483,903 4,278,883 3,791,096 4,474,724 3,977,372 3,780,973 4,025,407 4,250,237 4,867,820 5,563,653 7,072,530 7,783,962 8,516,794 8,999,565 9,305,285 9,837,282 10,155,183 10,714,636 Total, El Paso, Fort Bliss, and Ciudad Juarez 4, 431,943 4,775,148 4,582,667 5,468,145 6,146,420 5,349,164 5,243,542 5,136,337 4,818,969 5,213,602 6,810,042 6,719,556 7,023,709 7,340,657 7,251,555 7,720,716 9,597,587 10,176,988 10,059,780 10,240,687 10,131,730 10,077,160 10,276,618 9,560,186 8,782,479 9,922,241 9,647,015 8,876,146 9,746,376 11,389,623 12,382,638 12,009,574 13,775,237 15,858,887 14,411,458 14,625,152 14,761,153 15,057,364 16,236,280 17,146,330 Footnotes at end of table. 
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